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ABSTRACT

Childhood studies of the fat-bone relationship are conflicting, possibly reflecting the influence of metabolic abnormalities in some but
not all obese children. Bone mass was compared between prepubertal overweight children with (n=41) and without (n=99)
prediabetes. Associations of bone mass with measures of total and central adiposity, glucose intolerance, insulin sensitivity, lipid profile,
systemic inflammation, and osteocalcin also were determined. In 140 overweight children aged 7 to 11 years, an oral glucose tolerance
test was used to identify those with prediabetes and for determination of glucose, 2-hour glucose, glucose area under the curve (AUC),
insulin, 2-hour insulin, and insulin AUC. Blood samples also were assessed for lipids, C-reactive protein, and osteocalcin. Total-body bone
mineral content (BMC), fat-free soft tissue mass (FFST), and fat mass (FM) were measured by dual-energy X-ray absorptiometry (DXA).
Visceral adipose tissue (VAT) and subcutaneous abdominal adipose tissue (SAAT) were assessed using MRI. Total-body BMC was 4% lower
in overweight children with prediabetes than in those without prediabetes after controlling for sex, race, height, and weight (p =.03).
In the total sample, FM was positively related with BMC (8= 0.16, p =.01) after adjusting for sex, race, height, and FFST. However, VAT
(8=—0.13, p=.03) and SAAT (8= —0.34, p = .02) were inversely associated with BMC after controlling for sex, race, height, FFST, FM, and
SAAT or VAT. No significant associations were found between BMC and the biochemical measurements. Prepubertal overweight children
with prediabetes may be at risk for poor skeletal development. In addition, it appears that greater levels of central rather than total
adiposity may be deleterious for developing bone. © 2010 American Society for Bone and Mineral Research.

KEY WORDS: TYPE 2 DIABETES; IMPAIRED GLUCOSE; OBESITY; BONE; CHILDREN

Introduction to the growing skeleton. Whereas some studies report greater
bone mass in overweight children compared with their healthy-

weight peers,© others conclude that overweight youth have

hildhood obesity increases the risk for metabolic conditions
(o-

such as hypertension, type 2 diabetes, and cardiovascular
diseases."” Now there is increasing concern that being over-
weight may be associated with suboptimal bone growth
and development because there is mounting evidence linking
childhood obesity to skeletal fractures.>™ Inevitably, the
potential for increasing adiposity to negatively affect pediatric
skeletal integrity is a subject of growing interest because
achieving optimal bone mass and size during growth pre-
sumably will reduce the risk of osteoporotic fractures later
in life.”
Although childhood obesity is a major public health concern
and risk factor for many diseases, it has been challenging to
determine whether adiposity is either beneficial or detrimental

decreased bone mass relative to bone size and body weight.
'3 A limitation of these pediatric bone-fat investigations is that
biochemical parameters indicative of metabolic abnormalities
were not reported. Comorbidities associated with adult obesity,
such as type 2 diabetes, hypertension, and dyslipidemia, also
occur in children and adolescents, and more important,m the
prevalence of these metabolic abnormalities is increasing
alongside childhood obesity."* Recently, it was reported that
16% of the US pediatric population have diagnosed predia-
betes." Since animal work suggests that impaired glucose
tolerance in the presence of high adiposity may negatively
influence bone development,'®"” it is possible that discrepan-
cies in the pediatric bone-fat studies may have been attributed to
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prediabetes in some of the obese subjects. In the only pediatric
investigation to date of the effect of prediabetes on bone in
overweight youth, Afghani and colleagues® linked impaired
glucose tolerance to lower total-body bone mineral content
(BMCQ). Although this finding proposes a potential concern,
further work is warranted.

Another possible explanation for the inconsistent data
linking childhood adiposity and bone can be attributed to the
methodologic limitations when comparing bone outcomes
between overweight and normal-weight children of the same
age. At any given age, a wide variation exists among children in
stature, body composition, rate of growth, and timing and tempo
of biologic maturation. Since overweight compared with normal-
weight children of the same age are generally further advanced
in maturation, their skeletal development likewise is more
advanced because of increased hormonal activity than their
normal-weight peers.

The primary objective of this study was to compare total-body
BMC between prepubertal overweight children with and without
prediabetes. The study tested the hypothesis that total-body
BMC would be lower in the prepubertal overweight children with
prediabetes. In addition to group comparisons, associations
of total-body BMC with measurements of total and central
adiposity, glucose intolerance, insulin sensitivity, lipid profile,
systemic inflammation, and osteocalcin (carboxylated and
uncarboxylated) were determined in the entire cohort. Since
sex, race, total mass (ie, body weight), muscle mass (ie, fat-free
soft tissue mass), and skeletal size (ie, height) are known to
be independent predictors of bone outcomes in children,"%2%
these variables were considered as potential confounders in our
analyses.

Methods

Participants

This study included the baseline data from 140 prepubertal
overweight children (43% female, 46% black) who were part of
an investigation at the Medical College of Georgia to determine
the effects of aerobic exercise on cognitive function in sedentary
overweight children.®" Three cohorts of children were enrolled
in the study, the first from November 2003 to May 2004,
the second from June to November 2004, and the third
from December 2004 to May 2005. Inclusion criteria were
the following: white or black/African-American race, age 7 to
11 years, overweight [body mass index (BMI) > 85th percentile
for age and sex],*? and sedentary (no regular participation in an
exercise program more than 1 hour per week). Children were
excluded if they were taking medications or had any medical
conditions that could affect growth, maturation, physical activity,
nutritional status, or metabolism or were unable to provide
blood samples. Only children who were prepubertal (Tanner
stage |, absence of secondary sex characteristics) were selected
in order to minimize the confounding effects of the pubertal
transition on bone, glucose, and insulin metabolism because
puberty is known to be associated with insulin resistance and
hyperglycemia.”® Pubertal maturation was determined by a

pediatrician based on criteria (ratings of breast/testes and pubic
hair development) described by Tanner.®?

Participants underwent anthropometrics, body composition
scans, oral glucose tolerance tests (OGTTs), and interviews that
assessed physical activity and diet. Informed consent and assent
were obtained from all parents and children, respectively. All
procedures were approved by the Medical College of Georgia
Human Assurance Committee (Institutional Review Board).

Anthropometry

Participants were measured for height and weight in light indoor
clothing after the removal of shoes. Height was measured to
the nearest 0.1cm using a wall-mounted stadiometer (Tanita
Corporation, Arlington Heights, IL, USA), and body weight was
measured to the nearest 0.1 kg using an electronic scale (Cardinal
Detecto, Model CN20L, Webb City, MO, USA).

Body composition

Bone outcomes of the total body [BMC (g), bone area (cm?), and
areal bone mineral density (aBMD, g/cm?)] were measured using
dual-energy X-ray absorptiometry (DXA; QDR-4500W, Hologic
Waltham, MA, USA). Because of the limitations of aBMD in
children and adolescents, total-body BMC has been proposed as
the most appropriate outcome measure of bone mass status in
youth.®® Therefore, total-body BMC was chosen as our primary
bone outcome measure for bone mass status. Total-body
composition also was determined by DXA for FFST mass (kg), fat
mass (kg), and percentage body fat. Anthropomorphic phantoms
were scanned daily for quality assurance. In this laboratory, using
a one-way random-effects model, single-measure intraclass
correlation coefficients (ICCs) were calculated in 219 adolescents
aged 13 to 18 years. Each participant was scanned twice within a
7-day period for BMC, bone area, aBMD, FFST mass, fat mass, and
%BF (all R > 0.97).

Visceral adipose tissue (VAT) and subcutaneous abdominal
adipose tissue (SAAT) were measured using a 1.5-T MRI system
(General Electric Medical Systems, Milwaukee, WI, USA). Assess-
ments of VAT and SAAT are described in detail elsewhere.2®
Briefly, a series of five transverse images was acquired from the
lumbar region beginning at the inferior border of the fifth lumbar
vertebra and proceeding toward the head; a 2-mm gap between
images was used to prevent crosstalk. To calculate volumes for
VAT and SAAT, the cross-sectional area (cm?) from each slice was
multiplied by the slice width (1cm), and then the individual
volumes (cm®) were summed. The ICCs for repeat analyses of the
same scans on separate days within a 7-day period were R > 0.98
for both VAT and SAAT.

Oral glucose tolerance test (OGTT)

After an overnight fast, a 2-hour OGTT was conducted in which
the participants ingested a standard oral glucose solution
(1.75 g/kg of body weight up to a maximum of 75 g) at time 0.
Blood was sampled for glucose and insulin at —15, —10, —5, 0, 30,
60, 90, and 120 minutes relative to the oral glucose ingestion.
Fasting glucose (mmol/L) and insulin (pmol/L) levels were
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determined from averaging the —15-, —10-, and —5-minute
blood collections, and the 120-minute blood sample was used
for the 2-hour glucose and insulin levels. Glucose and insulin
areas under the curve (AUCs) were calculated via the trapezoidal
rule.?”? AUCs are reported in millimoles per liter and picomoles
per liter glucose and insulin, respectively. Homeostasis model
assessment of insulin resistance (HOMA-IR) was calculated by
using the formula: Fasting insulin (pmol/L) x fasting glucose
(mmol/L)/22.5.%%

Assay of glucose, insulin, lipids, C-reactive protein, and
osteocalcin parameters

Glucose was measured in 10 pL of serum using an Ektachem DT
System (Johnson and Johnson Clinical Diagnostics, Rochester,
NY, USA). The mean intraassay coefficient of variation (CV) for this
analysis was 0.61%, and the mean interassay CV was 1.45%.
Specific insulin was assayed in duplicate 100-pL samples with
reagents obtained from Linco (St Charles, MO, USA). The mean
intra- and interassay CVs for the insulin assay were 5% and 5.6%,
respectively. Commercial quality control sera of low, medium,
and high insulin concentration are included in every assay to
monitor variation over time.

Between the —15- and O-minute time points, an additional
10 mL was drawn for determination of lipids, C-reactive protein
(CRP, mg/L), and osteocalcin (OCN) parameters. Triglycerides
(mmol/L), total cholesterol (mmol/L), and high-density lipopro-
tein cholesterol (HDL-C; mmol/L) were measured with the
Ektachem DT Il System ((Johnson and Johnson Clinical
Diagnostics). With this system, HDL-C is analyzed using a two-
reagent system involving stabilization of low-density lipoprotein,
very low-density lipoprotein, and chylomicrons using cyclodex-
trin and dextrin sulfate and subsequent enzymatic-colorimetric
detection of HDL-C. Control sera of low and high substrate
concentrations are analyzed within each group of samples, and
values for these controls must fall within accepted ranges before
samples are analyzed. The DT Il System is calibrated every
6 months with reagents supplied by the manufacturer. Low-
density lipoprotein cholesterol (LDL-C, mmol/L) was determined
using the Friedewald formula.*® C-reactive protein was
measured using high-sensitivity ELISA (ALPCO Diagnostics,
Windham, NH, USA). The mean intra- and interassay CVs for
CRP were 10% and 10.2%, respectively. Serum concentrations of
uncarboxylated OCN and total OCN were analyzed using an RIA
method with an antibody that recognizes both carboxylated and
uncarboxylated OCN.®? Carboxylated OCN was separated from
uncarboxylated OCN by adsorption on hydroxyapatite.*® The
carboxylated OCN concentration was calculated as the total OCN
minus the uncarboxylated OCN. The mean intra- and interassay
CVs for total OCN, carboxylated OCN, and uncarboxylated OCN
ranged from 3.7% to 8.2%.

Physical activity

Information on moderate and vigorous physical activity (PA) was
collected using questions 80 and 81 from the 2001 Youth
Risk Behavior Survey (YRBS), established by the Centers for
Disease Control and Prevention.®” Moderate PA (days/wk) was
determined by the question, “On how many of the past 7 days

did you participate in PA for at least 30 minutes that did not make
you sweat or breathe hard, such as fast walking, slow bicycling,
skating, pushing a lawn mower, or mopping floors?” Vigorous PA
(days/wk) was determined by the question, “On how many of
the past 7 days did you exercise or participate in PA for at
least 20 minutes that made you sweat or breathe hard, such
as bicycling, fast dancing, or similar aerobic activities?”
The moderate and vigorous PA variables derived from the YRBS
have shown modest reliability and validity in this age group.®?

Dietary intake

To assess energy (kcal/day), dietary calcium (mg/day), and
vitamin D (pg/day) and the percentage of kilocalories per day
from carbohydrates (%CHO), protein (%PRO), and fat (%FAT),
participants and their parents completed three 24-hour diet
recalls within two weeks of the blood collection. Prior to the first
24-hour recall, a registered dietitian gave parents training with a
24-hour recall questionnaire and provided food models, portion
booklets, and serving containers to assist in estimating serving
size. A trained lab technician analyzed the diet records using
the Nutrition Data System for Research, Version 2006 (Nutrition
Coordinating Center, University of Minnesota, Minneapolis,
MN, USA).

Statistical analysis

The sample was dichotomized into a normal-glucose group and
a prediabetes group, as defined by the American Diabetes
Association Expert Committee on Diagnosis and Classification of
Diabetes Mellitus.®® A child was considered to have prediabetes
if he or she had impaired fasting glucose [IFG; fasting plasma
glucose > 5.6 mmol/L (100 mg/dL) but <7.0 mmol/L (126 mg/dL)]
or impaired glucose tolerance [IGT; 2-hour glucose > 7.8 mmol/L
(140 mg/dl) but <11.1 mmol/L (200 mg/dL)].

Descriptive statistics for raw variables are presented as
mean £ SD. Normal distribution and homogeneity of variances
were confirmed by Shapiro-Wilks W and Levene tests, res-
pectively. Group differences for anthropometric, body composi-
tion, biochemical measures, physical activity, and dietary intake
were determined using independent samples two-tailed t tests if
data were distributed normally and Mann-Whitney U tests
otherwise. The proportions of males and females and of blacks
and whites were compared between the normal-glucose group
and the prediabetes group by using Fisher’s exact test. An F test
was performed to test the assumption of homogeneity of
regression slopes for the interaction between the independent
variables (ie, normal-glucose and prediabetes groups) and the
covariates (ie, sex, race, height, and weight or FFST mass).
Because there was no interaction, analysis of covariance was
used to compare the bone variables between the normal-
glucose group and prediabetes group after adjusting for
sex, race, height, and weight (or FFST mass). Estimated means
of bone variables in the adjusted analyses are reported as
mean +SE. In addition to the group comparisons, partial
Pearson’s correlation coefficients between total-body BMC and
the biochemical measurements were determined separately in
the normal-glucose group and the prediabetes group.
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In the total sample, stepwise linear regression analysis was
performed to identify independent correlates of total-body BMC
using the stepwise procedure. Variables with p<.10 in the
adjusted (using the covariates of sex, race, height, and weight)
univariate linear regression model then were entered in the
multiple linear regression model. Prior to analyses, 2-hour
glucose, glucose AUC, fasting insulin, 2-hour insulin, insulin
AUC, HOMA-IR, triglycerides, and CRP were log-transformed so
that each of these variables followed an approximate normal
distribution. All statistical analyses were performed using SPSS
Version 17.02 for Mac OS X (PASW Statistics, Chicago, IL, USA).
A p value of .05 or less was considered statistically significant for
all analyses.

Table 1. Descriptive Characteristics of the Participants

Results

Participant characteristics

The descriptive characteristics are shown in Table 1. Thirty
percent of the 140 prepubertal overweight children were
identified with prediabetes, and the number of prediabetic
children with IFG, IGT, and IFG+IGT were 21, 14, and 6,
respectively. The prediabetes group, on average, was taller and
heavier with greater levels of FFST mass, VAT, fasting glucose,
2-hour glucose, glucose AUC, fasting insulin, 2-hour insulin, and
HOMA-IR than the normal-glucose group (all p < .05). In addition,
uncarboxlated OCN was significantly lower in the prediabetes
group than in the normal-glucose group (p =.04). Age, BMI, fat

Total sample

Normal-glucose group Prediabetes group®

Variable (h=140) (n=99) (h=41)
Sex (M/F) 80/60 51/48 29/12°
Race (W/B) 75/65 48/51 27/14
Age (years) 9.1+1.1 9.1+1.1 93+1.0
Height (cm) 1384 +8.1 1374+75 141.04+8.9°
Weight (kg) 484+10.8 4744+10.7 50.8+10.7¢
BMI percentile 96.8 £33 96.7 £ 3.3 97.2+32
FFST mass (kg) 27.1+48 265+47 28.544.9°
Fat mass (kg) 20.1+6.7 19.7+6.9 21.0+64
Percent body fat (%) 40.1+6.6 40.1+6.8 40.1+£6.0
VAT (cm?) 343+175 31.3+£16.0 41.7+188°¢
SAAT (cm®) 253.0+100.1 247.1£106.3 267.5+82.7
Fasting glucose (mmol/L) 5.18+043 5.01+0.28 5.61 4 0.44¢
2-Hour glucose (mmol/L)® 6.68 +1.22 6.28 +0.94 7.51+1.33¢
Glucose AUC (mmol/L)¢ 874.8+123.7 827.3 £ 86.1 976.1 4+ 131.4¢
Fasting insulin (pmol/L)¢ 132.0+77.8 127.8 +84.7 143.1 +58.3¢
2-Hour insulin (pmol/L)¢ 7146 £713.9 547.3 +£368.8 1076.5 + 1068.8°
Insulin AUC (pmol/L)¢ 570944313 503.5+261.8 7153 +£643.1
HOMA-IR® 437 +£246 4.07 £2.54 5.11+2.13¢
Triglycerides (mmol/L)¢ 0.92£0.51 0.88 £0.50 1.02+0.52
Total cholesterol (mmol/L) 4.28+£0.76 426 £0.76 4334+0.83
HDL-C (mmol/L) 1.23£0.31 1.28£0.33 1.24£0.27
LDL-C (mmol/L) 2.56 +0.67 2.56 + 0.69 257+ 061
CRP (mg/L)¢ 292+ 3.06 276 £3.10 3.29+£297
Total OCN (ng/mL) 26.3+8.7 269+ 8.6 247 +8.7
Carboxylated OCN (ng/mL) 18.8+6.6 19.0+6.4 183471
Uncarboxylated OCN (ng/mL) 75+3.9 8.0+4.1 6.5+3.2°
Moderate PA (days/wk)® 20+22 21423 18+1.6
Vigorous PA (days/wk)® 32+25 34425 274+23
Energy intake (kcal/day) 1750+ 637 1797 £ 696 1629 +435
Calcium intake (mg/day) 7314358 744 1382 697 +292
Vitamin D intake (p.g/day) 41+30 43+33 37423

All values are means & SD. BMI = body mass index; FFST = fat-free soft tissue; VAT = visceral adipose tissue; SAAT = subcutaneous abdominal adipose
tissue; AUC = area under the curve; HOMA-IR = homeostatic model assessment of insulin resistance; HDL-C = high-density lipoprotein cholesterol; LDL-
C=low-density lipoprotein cholesterol; OCN = osteocalcin.

Prediabetes was defined as having a fasting plasma glucose >5.6 mmol/L (100 mg/dL) but <7.0 mmol/L (126 mg/dL) or 2-hour values in the oral glucose
tolerance test of >7.8 (140 mg/dL) but <11.1 mmol/L (200 mg/dL).

PSignificantly different from the normal-glucose group, p < .05 (Fisher's exact test).

SSignificantly different from the normal-glucose group, p <.05 (independent-samples t test).

dSignificantly different from the normal-glucose group, p <.05 (Mann-Whitney U test).

Tests of significance between groups were based on the Mann-Whitney U test.
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Fig. 1. Total body bone mineral content (BMC), bone area, and areal bone mineral density (aBMD) in overweight prepubertal children with normal glucose
levels (n =99) and overweight children with pre-diabetes (n = 41). Pre-diabetes was defined as having a fasting plasma glucose > 100 mg/dL (5.6 mmol/L)
but < 126 mg/dL (7.0 mmol/L) or 2-h values in the oral glucose tolerance test of > 140 mg/dL (7.8 mmol/L) but < 200 mg/dL (11.1 mmol/L). Bone outcomes
are adjusted means + SE controlling for sex, race, height, and weight; tests of significance between groups were based on group main effect using

ANCOVA. ¥, P<0.05, significantly different from pre-diabetes group.

mass, percentage body fat, SAAT, insulin AUC, triglycerides, total
cholesterol, HDL-C, LDL-C, CRP, total OCN, carboxylated OCN,
PA, and dietary intake were not statistically different between
groups.

Bone comparisons between normal-glucose and
prediabetes groups

Group-specific means +SE for bone outcomes based on an
analysis of covariance that statistically controls for sex, race,
height, and body weight (or FFST mass) were determined. Figure
1 shows that after controlling for sex, race, height, and body
weight, the prediabetes versus normal-glucose group had signi-
ficantly lower total-body BMC (1140.5 4 15.7 versus 1182.54+9.9g,
p=.03) and total-body bone area (1385.4 + 9.4 versus 1410.8 £
5.9cm?, p =.03) but not total-body aBMD (0.819 & 0.007 versus
0.833 +0.005 g/cm?, p=.13). Similar findings were observed
between groups when FFST mass was substituted for body
weight as a covariate such that the prediabetes versus normal-
glucose group had significantly lower total-body BMC (1139.0 +
15.9 versus 1183.0£10.1g, p=.02) and total-body bone area
(1385.4 + 9.4 versus 1410.8 5.9 cm?, p = .05) but not total-body
aBMD (0.818 4 0.007 versus 0.833 4 0.005 g/cm?, p=.10).

Partial correlations of total-body BMC with biochemical
parameters in the normal-glucose and prediabetes groups

Table 2 reports partial correlations (adjusting for sex, race, height,
and weight) of total-body BMC with the biochemical parameters
separately for the normal-glucose group and the prediabetes
group. In the normal-glucose group, fasting glucose, 2-hour
glucose, glucose AUC, fasting insulin, 2-hour insulin, insulin AUC,
HOMA-IR, triglycerides, total cholesterol, HDL-C, LDL-C, CRP, total
OCN, carboxylated OCN, and uncarboxylated OCN were not
significantly associated with total-body BMC. Similar findings
were observed in the prediabetes group; however, 2-hour
insulin, insulin AUC, and CRP were inversely related to total-body
BMC (all p <.04).

Independent predictors of total-body BMC in the total
sample

Adjusted univariate linear regression demonstrated a positive
association between total fat mass and total-body BMC (p =.01)

after controlling for sex, race, height, and FFST mass (Fig. 2).
However, VAT and SAAT were negative predictors of total-body
BMC (both p < 0.03; Figs. 3 and 4) after controlling for sex, race,
height, FFST mass, fat mass, and SAAT or VAT.

Table 3 shows that none of the biochemical, PA, or diet
parameters were significant predictors of total-body BMC after
adjustment for covariates. Stepwise multiple linear regression
was conducted to examine the independent association of sex,
race, height, weight, fat mass, VAT, SAAT, triglycerides, LDL-C,

Table 2. Partial Correlations of TOTAL-BODY BMC With
Biochemical Parameters in Overweight Prepubertal Children
With Normal Glucose Levels and With Prediabetes?

Prediabetes
group?® (n=41)

Normal-glucose
group (h=99)

Variable R p value R p value
Fasting glucose 0.136 0.188 0.026 0.880
2-Hour glucose —0.122 0.328 0.134 0.452
Glucose AUC —0.066  0.566 —0.019 0916
Fasting insulin —0.103 0.320 —-0.116 0.493
2-Hour insulin —0.021 0.858 —0.372 0.030
Insulin AUC —0.066 0571 —0.369 0.032
HOMA—IR —0.075 0.472 —0.070 0.681
Triglycerides —-0.124 0.229 0.072 0.670
Total cholesterol —0.155 0.133 —0.041 0.809
HDL-C —0.013 0.904 0.153 0.367
LDL-C —0.130  0.208 —0.237 0.157
CRP —0.079 0452 —0.426 0.008
Total OCN —0.048  0.655 —0.053 0.763
Carboxylated OCN —0.011 0918 —0.049 0.779
Uncarboxylated OCN  —0.083 0.438 —0.038 0.827

Note: Statistical analysis was conducted by using Pearson’s partial
correlation adjusted for sex, race, height, and weight. BMC=bone
mineral content; AUC=area under the curve; HOMA-IR = homeostatic
model assessment of insulin resistance; HDL-C = high-density lipoprotein
cholesterol; LDL-C =low-density lipoprotein cholesterol;, OCN=
osteocalcin.

?Prediabetes was defined as having a fasting plasma glucose > 100 mg/
dL (5.6 mmol/L) but <126 mg/dL (7.0 mmol/L) or 2-hour values in the oral
glucose tolerance test of >140mg/dL (7.8 mmol/L) but <200 mg/dL
(11.1 mmol/L).
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Fig. 2. Relationship of fat mass with total body bone mineral content
(BMCQ), after adjustment for sex, race, height, and fat-free soft-tissue mass
(3 =0.159, P=10.008). N=140.

CRP, vigorous PA, and energy intake with total-body BMC.
Multiple regression coefficients and partial/total R values are
presented in Table 4. Height (11%), weight (65%), VAT (4%), and
SAAT (2%) explained a total of 82% of the variance in total-body
BMC in total sample, with no contribution by sex, race, fat mass,
triglycerides, LDL-C, CRP, vigorous PA, or energy intake.

Discussion

The purpose of this study was to determine if the bone mass of
prepubertal overweight children with prediabetes is lower than
that of prepubertal overweight children with normal glucose

400.00-

200.00+
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VAT (em3)

Fig. 3. Relationship of visceral adipose tissue (VAT) with total body
bone mineral content (BMC), after adjustment for sex, race, height,
fat-free soft-tissue mass, fat mass, and subcutaneous abdominal adipose
tissue (8= —0.126, P=0.027). N=140.
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Fig. 4. Relationship of subcutaneous abdominal adipose tissue (SAAT)
with total body bone mineral content (BMC), after adjustment for sex,
race, height, fat-free soft-tissue mass, fat mass, and visceral adipose tissue
(3 =-0.333, P=0.018). N=140.

Table 3. Univariate Linear Regression Including Biochemical,
Physical Activity, and Diet Parameters as Independent Predictors
of Total-Body BMC in the Total Sample (n = 140)

BMC
p? p Value
Biochemical parameters
Fasting glucose —0.018 652
2-Hour glucose 0.003 949
Glucose AUC —0.055 202
Fasting insulin —0.078 .103
2-Hour insulin —-0.073 127
Insulin AUC —0.054 277
HOMA-IR —0.076 104
Triglycerides —0.069 096
Total cholesterol —0.057 136
HDL-C 0.019 .632
LDL-C —0.072 .063
CRP —0.079 .074
Total OCN —0.027 489
Carboxylated OCN —0.014 720
Uncarboxylated OCN —0.037 346
PA and diet parameters
Moderate PA 0.006 .873
Vigorous PA 0.074 .052
Energy intake 0.064 .099
Calcium intake® —0.022 642
Vitamin D intake® —0.023 592

BMC = bone mineral content; AUC=area under the curve; HOMA-
IR=homeostatic model assessment of insulin resistance; HDL-
C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein
cholesterol; OCN = osteocalcin; CRP = C-reactive protein.

B, standardized coefficient adjusted for sex, race, height, and weight.

b, standardized coefficient adjusted for sex, race, height, weight, and
energy intake.
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Table 4. Multiple Linear Regression Model for Total-Body BMC
in the Total Sample of Overweight Prepubertal Children (n = 140)

Variable B +SE R?
Intercept —831.6+191.9

Sex NS

Race NS

Height 9.52 + 1.89° 0.11
Weight 19.75 +2.47° 0.65
Fat mass NS

Visceral adipose tissue —0.023 4 0.006° 0.04
SAATP —0.008 4-0.002° 0.02
Triglycerides NS

LDL-C NS

CRP NS

Vigorous PA NS

Energy intake NS

Total R? 0.82

B =multiple regression unstandardized coefficient; SE =standard
error; R? = proportion of variability in total-body BMC that is attributable
to the regression equation.

*Tests of significance were determined by stepwise linear regression at
p <.05. NS = nonsignificant.

PSubcutaneous abdominal adipose tissue.

levels. We found that total-body BMC was 4% lower in over-
weight children with prediabetes than in those without
prediabetes after taking into account sex, race, height, and
weight or fat-free soft tissue mass. This finding suggests that
abnormal glucose regulation may have a negative effect on the
growing skeleton prior to puberty.

To our knowledge, this is the first study to examine bone mass
in prepubertal overweight children by prediabetes status. The
notion that prediabetes may be associated with reduced bone
mass in children was introduced by Afghani and colleagues'®
in a cohort of Hispanic-American youth ranging in pubertal
development from Tanner stage | to stage V. They found total-
body BMC (unadjusted and adjusted for age, pubertal stage,
and FFST mass) to be lower in those with impaired glucose
tolerance compared with a normal-glucose group; however,
these differences did not reach statistical significance. The same
investigators determined relations in their IGT group and found
that total-body BMC was significantly and inversely associated
with markers of insulin resistance, as determined by OGTT."® In
another study that included obese Brazilian adolescents (Tanner
stage V), total-body BMC was negatively related to HOMA-IR.®?
In our study, inverse associations were found not only with
markers of insulin resistance but also with CRP in the overweight
children with prediabetes. CRP is a recognized marker of a
systemic inflammation associated with cardiovascular risk, but its
role in bone metabolism is unclear. Evidence suggests, however,
that increased inflammation may reduce osteoblast differentia-
tion, as demonstrated in vitro.®>* Collectively, our data, along
with the two aforementioned pediatric studies, may provide
preliminary insight for the link between childhood obesity and
skeletal fractures; however, the causal order of these cross-
sectional associations cannot be determined. Further investiga-
tions are warranted that will require prospective study design

and sufficient representation of children and adolescents at all
stages of growth and development.

Although type 1 diabetes is known to have negative effects
on bone metabolism,®”*® it was not until recently that type 2
diabetes was considered a potential risk for skeletal frac-
tures.®%*? The low bone mass typically associated with type 1
diabetes is thought to contribute to the greater number of
skeletal fractures observed in type 1 diabetes patients than in
controls.*'*? Type 2 diabetes patients, on the other hand,
generally are characterized with high BMC and aBMD,*'#¥
although reduced bone size and structure, assessed by 3D bone
imaging, has been reported recently in type 2 diabetic adult
men.“*® This finding, along with animal work,"® suggests that
increased bone fragility in type 2 diabetes may not be discerned
as much from bone mass as from other aspects of skeletal
strength, such as bone size and structure. Although we did not
measure structural parameters of bone strength by 3D bone
imaging, our comparison of total-body bone area between
groups seems to indicate a smaller bone size in those with
prediabetes. The mechanism for potential negative effects of
impaired glucose metabolism on bone is unknown; however,
some hypotheses include increased calcium excretion,“>
alterations in vitamin D metabolism,“*® increased concentrations
of advanced glycation end products in collagen,” and
increased inflammation.®® It is possible that obesity in children
promotes both low bone mass accrual and risk for diabetes
through events that are mechanistically associated. Recent
studies conducted in mice have uncovered the presence of a
unique “bone-fat-pancreas axis” that regulates energy home-
ostasis, coordinates energy partitioning between bone and
adipose tissue, and affects insulin sensitivity.“®*? According to
Lee and colleagues,“® only the uncarboxylated form of OCN has
the capacity to induce insulin secretion and the expression
of genes encoding adiponectin and insulin and ultimately
improving glucose metabolism. In contrast, carboxylated OCN
was found to have none of these effects. The same researchers
revealed further that the adipocyte-derived hormone leptin
inhibits bone formation via sympathetic activation.® Decreased
bone formation, in turn, depresses insulin sensitivity and
secretion via decreased production of uncarboxylated OCN. In
this study, uncarboxlated OCN was significantly lower in the
prediabetes group than in the normal-glucose group; however,
including uncarboxylated OCN as a covariate in our analyses did
not change any of our bone outcomes between groups (data not
shown). Given that few human studies exist on the effect
of uncarboxylated and carboxylated OCN on the “bone-fat-
pancreas axis,” further work in this area is warranted, particularly
since it is unclear which form of OCN (carboxylated or
uncarboxylated) is associated with metabolism.®°~>?

One of the key findings in this study was that the influence of
adiposity on bone mass may depend on the manner in which it
accumulates. A limitation of previous pediatric investigations of
fat-bone relationships, which were inconclusive, was that most
did not investigate the separate influence of total and central
adiposity on bone. The fact that obesity-related metabolic
abnormalities are more strongly related to central rather than
total adiposity may be another potential explanation for the
large body of conflicting data.®® To date, three pediatric studies
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have investigated relations between central adiposity and
bone.5*% In these reports, central adiposity was negatively
associated with bone mass in white, African-American, and
Hispanic-American children and adolescents,®*>> as well as with
bone structure in late-adolescent white females.*® Although
these studies reported relations between central adiposity and
bone, they did not discuss®*>* or report®® their findings
between total adiposity and bone. In our study, we found that
both total adiposity and central adiposity have significant but
opposing relations with bone mass. Whereas total fat mass had a
positive association with total-body bone mass, the central
adiposity measurements (VAT and SAAT) had negative relations
with total-body bone mass. In our regression analyses, however,
it was VAT and SAAT rather than total-body fat mass that were
independent predictors of bone mass. Taken together, it seems
that increased central body adiposity, which is more clinically
relevant for metabolic abnormalities than for increased total-
body adiposity, could play an adverse role in bone health.

Modifiable factors such as PA and diet not only play an
important role in obesity and prediabetes progression but also
affect skeletal development. Thus it is possible that differences
in bone mass found between groups could be attributed
to dissimilarities in PA and diet. In this study, no significant
differences were found between groups for the number of days
of moderate and vigorous PA; however, we did not collect
information on the types of activities performed by the
participants. Therefore, it is uncertain the degree to which
participants engaged in high-impact PA. Certain types of PAs
with high-impact loading (eg, artistic gymnastics) have been
documented as having a greater positive effect on bone mineral
accrual than low-impact loading (eg, swimming), particularly
during growth.®” With regard to dietary intake, the groups
reported no significant differences in energy, macronutrient, and
micronutrient intakes. However, it is important to note that the
mean self-reported calcium and vitamin D intakes in both groups
were considerably lower than the recommended adequate
intakes of 1300 mg/day and 5 pug/day, respectively. Given the
limitations of childhood dietary recall, it would be preferable to
measure calcium absorption/excretion and circulating concen-
trations of vitamin D. Since obese individuals with impaired
glucose metabolism tend to have increased calcium excretion
and lower levels of circulating vitamin D,*® calcium and vitamin
D could be mediating factors in the relations between adiposity,
bone, and glucose-insulin metabolism.

Strengths of this study were the comprehensive suite of
glucose metabolism parameters collected using robust meth-
odology and the assessment of centralized adiposity by MRI.
Furthermore, we minimized the degree of variability in factors
known to influence bone, such as body size and maturational
status, by comparing two groups of overweight children in
Tanner stage | of puberty. A limitation in our study was that we
used only DXA-derived bone measurements of the total body.
Although DXA-derived regional bone measurement would have
provided additional information, we recognize the limitations
of using DXA in children.*® 3D imaging techniques such as
peripheral quantitative computed tomography would afford
more definitive information on volumetric BMD and bone
geometry and the effect of adiposity and prediabetes on the

individual cortical and trabecular compartments. Nevertheless,
our study findings with total-body BMC cannot be disregarded
because BMC is considered one of the preferred bone
measurements for the assessment of bone status in youth
(reproducibility, low radiation, and lack of areal density-related
errors),*® and more important, total-body BMC has been shown
to be a good predictor of fracture risk.*® Another important
limitation to note is that our small sample size did not allow
separate analysis of data by males and females or by whites and
blacks. Some studies have reported sex and race differences of
not only skeletal development but also of fat accumulation and
glucose metabolism.[2%46% Although determining the effects
of prediabetes on bone mass by sex and race was not the
objective of this study, future work in the area is warranted.

Our study in prepubertal overweight children provides further
insight into the fat-bone relationship by taking into account
abnormal glucose regulation and associated biochemical
parameters. Specifically, our data suggest that prediabetic
overweight children may be at risk for poor skeletal develop-
ment. It also appears that central rather than total adiposity may
be detrimental to bone health.
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